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Summary. More and more claims of having detected WIMP dark matter are being
put forward. Some are discussed here, stressing the importance of exploiting distinc-
tive signatures to ascertain their WIMP origin. The best signals for WIMP discovery
are characterized by special features that make them recognizable as due to WIMPs
and nothing else. Sometimes, however, a single feature, although accountable for in
theoretical models, may not be enough to make sure that we have detected WIMPs.
This is because the theory of WIMPs and their distribution in the galaxy is still
very uncertain, and allows for many possibilities. What are needed are experimental
verifications of the claimed signals, either by discovering unmistakable features, or
by detecting several kinds of signals that can all be explained by the same WIMP
model.
One of the most intriguing results to come out of recent cosmological
observations is that about 90% of the mass of the Universe is not made of
protons, neutrons, electrons, or any other known particle, but of something
unknown that does not shine. Discovering the composition of this so-called
non-baryonic dark matter is one of the big challenges of modern physics and
cosmology.
Proposals as to the nature of non-baryonic dark matter do not lack. Is
it made of axions (neutral particles suggested to explain the smallness of
CP violation in the strong interactions)? Or is it made of WIMPs (weakly
interacting massive particles that arise naturally in extensions of the Standard
Model of particle physics, such as supersymmetry)? Or is non-baryonic dark
matter made of something else, or a combination of all that?
Following the tradition of experimental science, the way to find out the
nature of non-baryonic dark matter is to detect its constituents, either di-
rectly by recording their collisions with a detector, or indirectly by observing
products of their reactions in planets, stars, or galaxies.
The last ten years have seen more and more claims of having detected dark
matter in the form of weakly interacting massive particles (WIMPs). Three
of these claims will be described below: (1) a distinctive signal variation in a
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direct detection experiment, (2) high-energy gamma-rays from the center of
our Galaxy, and (3) an excessive flux of positrons in cosmic rays.
However, explanations that do not invoke WIMPs exist for gamma-rays
and positrons, and other direct detection experiments have not observed any
signal from WIMPs (although straightforward comparisons are difficult).
So, has WIMP dark matter been detected? What is the real origin of the
detected signals? Or more proactively: how can we make sure we detect WIMP
dark matter?
This question has been asked repeatedly in the past, and several methods
have been proposed to distinguish a dark matter signal from an ordinary
one. In recent years, however, an excessive reliance on theory has interfered
with an open-minded but critical interpretation of the experimental results.
Current theories of WIMPs still leave a lot of possibilities as to their particle
properties (mass, couplings, etc.) and astrophysical characteristics (density
distribution, velocity distribution, etc.). Rather than theoretical arguments,
what are needed are experimental verifications of the claimed signals, either by
discovering unmistakable features which can only be explained by the presence
of WIMPs, or by detecting several kinds of WIMP signals that can all be
explained by the same theoretical model of WIMPs.
1 Non-baryonic cold dark matter
The existence of non-baryonic dark matter is supported by varied cosmologi-
cal measurements. Of great relevance are the values of the matter and energy
densities of the Universe at the present time. These densities can be deter-
mined by means of several cosmological data: the temperature fluctuations in
the cosmic microwave background (CMB), the distance-luminosity relation for
supernovas, the distribution of galaxies on large scales, the abundance of light
elements (primordial nucleosynthesis), etc. The density values so obtained are
compatible with all current astrophysical and cosmological observations, from
the internal motions of galaxies and galaxy clusters to studies of weak grav-
itational lensing. Ref. [?] finds the following values [1] for the current matter
and energy densities, Ωh2, in units of 1.879× 10−29 g/cm3 (i.e. 18.79 yg/m3
or 1.689 nJ/m3c2):
• a negligible density in relativistic particles (“radiation”; e.g., the CMB pho-
tons contribute only Ωγh
2 = (2.467± 0.004)× 10−5);
• ΩΛh
2 = 0.36± 0.04 in a smoothly distributed component (dark energy);
• Ωmh
2 = 0.135+0.008
−0.009 in non-relativistic particles (“matter”), of which
– Ωbh
2 = 0.0224± 0.0009 in protons and neutrons (baryons),
– ΩHDMh
2 < 0.0076 (95% CL) in non-baryonic hot dark matter,
– ΩCDMh
2 = 0.113+0.008
−0.009 in non-baryonic cold dark matter.
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It is the excess of total matter density (≃ 0.135) over baryonic matter density
(≃ 0.0224) that constitutes the evidence for non-baryonic dark matter.
None of the known elementary particles can account for non-baryonic dark
cold matter. The obvious Standard Model candidates would be neutrinos, but
the measurements of the neutrino mass squared differences, ∆(m2) ∼< 10
−3
eV2, and the experimental upper bound of 3 eV on the mass of the neutrino
produced in tritium beta decay, impose that the masses of all three known
neutrinos are mν < 3 eV. Neutrinos so light constitute hot dark matter, and
have to be included in ΩHDMh
2 < 0.0076 (95% CL). Thus no known particle
is a candidate for non-baryonic cold dark matter.
Scores of hypothetical particles have been proposed as cold dark matter
candidates over the past several decades. They range from new particles in
well-founded extensions of the Standard Model, to possible particles inspired
by recent theoretical ideas. To the first category belong an extra heavy neu-
trino, the axion, and the lightest supersymmetric particle (the neutralino, the
gravitino, or the sneutrino). In the second category are particles like WIM-
PZILLAs, solitons (B-balls and Q-balls), self-interacting dark matter, string-
inspired dark matter, Kaluza-Klein dark matter, etc.
2 Dark matter WIMPs and their detection
A class of non-baryonic dark matter candidates is of interest here because of
several recent claims to their detection: weakly interacting massive particles,
or WIMPs. WIMPs are appealing because of a simple mechanism that can
produce the observed value of their cosmic density. Assume that in the early
Universe WIMPs were in thermal and chemical equilibrium with the rest of
the matter and radiation. As the Universe expanded and cooled down, the
chemical reactions coupling WIMPs to the rest of the world slowed down and
eventually stopped, leaving a constant number of WIMPs in a volume that
expands with the Universe. Numerically, the correct present-time density of
WIMPs is obtained for matter-WIMP couplings of the order of electroweak
couplings, and WIMP masses in the 1 GeV–100 TeV range. These charac-
teristics give these particles their name. Examples of WIMPs are a heavy
neutrino and the lightest neutralino. The latter arises in supersymmetric ex-
tension of the Standard Model, and is one of the most popular candidates for
non-baryonic dark matter.
Signals from dark matter WIMPs can be either direct or indirect. Direct
signals are due to collisions of dark matter WIMPs with nuclei in a detector. A
very sensitive low-background detector records the amount of energy deposited
by WIMPs in collisions with nuclei, and in the future also the direction of
motion of the struck nucleus.
Indirect signals are due to the products of WIMP reactions in planets,
stars, or galaxies. The most common reaction is WIMP annihilation: WIMPs
can annihilate with anti-WIMPs, if present, or with themselves, if, like the
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neutralino, they are their own anti-particle. Out of the products of WIMP an-
nihilation, neutrinos, positrons, anti-protons, and high-energy gamma-rays are
those of most interest because they are rarely produced by usual astrophysical
processes. WIMP annihilations occur at a detectable rate where WIMPs are
concentrated, as in the center of the Sun, the center of the Earth, and the inner
regions of galactic halos, ours in particular. Neutrino telescopes, gamma-ray
telescopes, and cosmic ray detectors are used to search for WIMPs indirectly.
The next three sections discuss signals that can or have been attributed
to WIMPs, stressing the importance of exploiting distinctive signatures to
ascertain their WIMP origin.
3 The HEAT positron excess
In two separate balloon flights with different detectors, the HEAT collabora-
tion [2] has observed more cosmic ray positrons above ∼7 GeV than expected
in current models of cosmic ray propagation in our galaxy. In these models,
positrons arise as secondary particles in the interactions of primary cosmic
rays with interstellar matter. Modifications of these models could in princi-
ple account for the extra positrons (and similar extra photons observed in
EGRET [3]), but no proposed modification can yet reproduce all observ-
able cosmic ray data (see discussion in [4], e.g.). WIMP annihilation can
Fig. 1. The HEAT positron excess can
be interpreted as due to annihilation of
WIMPs, here a 238 GeV neutralino in the
minimal supersymmetric standard model
(from [5]).
also be invoked to explain the extra
positrons, as illustrated in figure 1.
Do the positron data distinguish
between the suggested origins for the
excess? Not by themselves, in that
they lack a clear and unique signa-
ture that they are due to WIMPs.
The positron spectrum predicted by
WIMP annihilation lacks any dis-
criminating feature, with the excep-
tion of a reduction in flux and then
a cut-off as the energy increases to-
wards the WIMP mass. Any such flux
reduction can however be pushed be-
yond any foreseeable maximum de-
tectable energy by simply raising the
WIMP mass. In the absence of a dis-
tinguishing feature fromWIMPs, it is
hard to draw conclusions on the ori-
gin of the positron excess.
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4 Gamma-rays from the Galactic Center
In principle, gamma-rays from WIMP annihilation offer a characteristic sig-
nature in their spectrum: a gamma-ray line [6]. The line originates in the
annihilation of WIMPs into a pair of photons, each photon carrying an
energy equal to the WIMP mass, between 10 GeV and 100 TeV. No as-
trophysical process is known to produce a gamma-ray line at these ener-
gies. This makes the WIMP gamma-ray line an ideal signature for WIMPs.
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Fig. 2. Simulation showing the GLAST
capability of detecting a gamma-ray line
from WIMP annihilation (from [7]).
Searches for the WIMP gamma-
ray line are continuing, but no line
has been detected yet. The challenge
is twofold: both a large number of pho-
tons and a fine energy resolution are
needed. Figure 2 shows that the space-
born gamma-ray telescope GLAST,
scheduled for launch in 2006, is ex-
pected to have such capabilities.
In the meantime, another source
of gamma-rays from WIMPs has
been used to claim their detection:
the gamma-ray continuum. These are
gamma-rays generated in the decay of secondary products, such as pions, pro-
duced by WIMP annihilation into quarks, W, or Z bosons. Contrary to the
gamma-ray line, continuum gammas from WIMPs lack a characteristic fea-
ture, except for a flux reduction and cut-off near the WIMP mass. In this
respect, they are similar to cosmic ray positrons from WIMPs. Raising the
WIMP mass pushes the flux reduction beyond the observable energies.
The possibilities are limitless. For example, the early-2004 CANGAROO
Fig. 3. WIMP annihilation can
fit the CANGAROO gamma-ray
data from the Galactic Center
(from [9]).
report of high-energy gamma-rays from the
Galactic Center [8] has been interpreted as
due to annihilations of ∼ 1 TeV WIMPs
(see figure 3). The CANGAROO data can
also be explained by appropriate modeling
of accretion flows around the black hole
at the Galactic Center [10]. The mid-2004
HESS observation of gamma-rays from the
same region [11] has a very different spec-
trum from CANGAROO’s, but it can also
be interpreted either with appropriate (but
different) accretion flows [10] or as due to
WIMP annihilation, this time with∼ 20 TeV
WIMPs (figure 4). If this mass seems too
high to supersymmetry aficionados, it may
be amusing to see that even minimal super-
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Fig. 4. Both CANGAROO and HESS
Galactic Center data can be fitted to
WIMP annihilation spectra, although
with different WIMP masses (from [12]).
Fig. 5. The HESS spectrum can be fitted
even to neutralinos in the minimal super-
gravity model (from [13]).
gravity models allow for ∼ 10 TeV neutralinos compatible with cosmological
and astrophysical bounds and the HESS data (figure 5).
The lack of an unmistakable WIMP signature in the gamma-ray continuum
makes it unsuitable as a primary indicator of the presence of WIMPs. A
gamma-ray line would be desirable.
5 The DAMA annual modulation
An excellent signature for WIMPs in direct detection has been known for
years: the annual modulation [14]. The Earth motion periodically changes the
relative speed of Earth and WIMPs, causing the WIMP flux on Earth, and
thus the WIMP detection rate, to vary in time and to repeat itself once ev-
ery year. The details of the annual pattern depend on the WIMP velocity
distribution. For example, the date of maximum rate is set by the most com-
mon arrival direction of the WIMPs, and happens in June for the canonical
halo model with Maxwellian velocity distribution, but may occur in Decem-
ber for Sikivie’s cold infall model (see [15]). Similarly, the amplitude of the
modulation depends on the halo model.
The DAMA collaboration has observed an annual modulation in their
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Fig. 6. The DAMA annual modulation
(from [16]).
sodium iodide data (figure 6)
and has attributed it to WIMPs.
No valid alternative explanation
has been put forward yet, but
no WIMP signal has been ob-
served in any other direct de-
tection experiment either. How-
ever, comparison of the various
experimental results, which are
obtained with different targets,
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Fig. 7. Left: for spin-independent WIMP-nucleus interactions and a canonical halo
with Maxwellian velocity distribution, CDMS [19] excludes the original DAMA re-
gion, which was however artificially cut at a WIMP mass of 30 GeV [18]. Right:
relaxing the cut, the DAMA region is still (narrowly) allowed at lower masses [23].
is marred by the need of uncertain theoretical assumptions about the WIMP
mass, interaction, and halo model. In fact, the expected event rate depends
on the product of the WIMP-nucleus cross section and the WIMP flux on
Earth. The cross section scales differently with the atomic mass of the target
nucleus according as the WIMP interacts with the nuclear mass or the nu-
clear spin. The flux depends on the distribution of WIMP velocities, which is
probably more complicated than an arbitrarily-assumed Maxwellian. Indeed,
current hierarchical models of galaxy formation entail halo substructure and
streams of dark matter. (Further details on the direct detection rate can be
found in [17].)
Neglect of the theoretical assumptions involved has given rise to many con-
troversies. For example, the first DAMA analysis [18] was artificially restricted
to WIMPs heavier than 30 GeV, on the basis of some theoretical prejudice
on the nature of the WIMPs. Under the assumption of a spin-independent
cross section, the latest CDMS data [19] exclude the original DAMA region
(figure 7a), but relaxing the artificial restriction on the WIMP mass there
remains the possibility of a (now admittedly narrow) region at low WIMP
masses (figure 7b). The moral is: do not use theoretical prejudices when ana-
lyzing data.
Another example in which the theoretical assumptions play a subtle role
is the case of spin-dependent cross sections. For a canonical Maxwellian
halo, if WIMPs interact predominantly with neutrons, existing data exclude
the DAMA region, while if WIMPs interact predominantly with protons,
the DAMA region may still be allowed, but only under further assump-
tions. As shown in figure 8, the most stringent limit on WIMP-proton spin-
dependent interactions comes from the absence of indirect neutrino signals
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Lower panel: if WIMPs interact predominantly
with protons, the DAMA region may still
be allowed under appropriate assumptions on
WIMP annihilation in the Sun (from [20]).
from WIMP annihilation in the
Sun. This places an upper limit
of ∼10 GeV on the WIMP
mass (and a further analysis
of lower energy neutrinos may
lower this limit even further).
However, there may be no anti-
WIMPs in the Sun with which
the WIMPs can annihilate, and
as a consequence there may be
no neutrino bounds on the spin-
dependent WIMP-proton cross
section. This would make the
DAMA region allowed up to
WIMP masses of ∼100 GeV. No-
tice that the neutralino, a fash-
ionable candidate, is its own
anti-particle, and thus for it
the neutrino bounds cannot be
avoided; restricting attention to
the neutralino is however a the-
oretical prejudice.
In the face of all these dif-
ficulties of interpretation, other
WIMP signatures in direct de-
tection would be helpful. Very
promising are detectors that can record not only the energy deposited by
the WIMP but also the direction of motion of the nucleus after the collision.
One such detector, DRIFT, is currently under construction [21]. It will be pos-
sible to use the recoil direction of the nuclei to discriminate a WIMP signal
from background, for instance more WIMPs should come from the direction
of motion of the Solar System than from the opposite direction.
Another signature for WIMPs has been proposed in [22] in case a stream
of dark matter passes through the Solar System. Streams are common in
simulations of galaxy formation, and have already been observed in our galaxy.
One of them in particular, the stream associated with the tidal disruption of
the Sagittarius dwarf galaxy, may pass by the Solar System. Streams through
the Solar System may even enlarge the possibilities for the DAMA region,
provided they come from roughly ahead of the Solar System motion (see
figure 9). The new signature proposed in [22] is a combined annual modulation
of the rate and of the highest energy that WIMPs in the stream can impart
to a nucleus. This highest energy shows as a step-like feature in the nucleus
recoil spectrum, and the location of the step is predicted to vary in energy
with a period of one year (figure 10). No background spectrum is expected to
behave in this way.
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Fig. 9. Dark matter streams enlarge
the possibilities for the DAMA region
(from [23]).
Fig. 10. A new combined modulation of
both rate and end-point energy may be
a powerful signature of WIMPs in a dark
matter stream (from [22]).
With additional experimental signatures for WIMPs in direct detection we
may be able to understand the origin of a claimed signal.
6 How can we make sure we detect dark matter?
The best signals for WIMP discovery are characterized by special features
that make them recognizable as due to WIMPs and nothing else. For exam-
ple, gamma-rays from WIMP annihilation should show a gamma-ray line in
correspondence to the WIMP mass; high-energy (∼>GeV) neutrinos from the
Sun or the Earth cannot be produced by anything else but WIMPs; the direct
detection rate, and for WIMPs in a stream, the highest recoil energy, should
follow a modulation with a period of a year; etc. It is these features one should
look for in searching for dark matter WIMPs.
History has shown however (e.g. for the DAMA annual modulation) that
a single feature, although accountable for in theoretical models, may not be
enough to make sure that we have detected WIMPs. This is because the theory
of WIMPs and their distribution is still very uncertain, and allows for many
possibilities. What is needed is experimental confirmation from a variety of
detectors, and perhaps from different kinds of signals that can be explained
within the same WIMP model. Different kinds of signals will in any case be
needed to determine all the interesting WIMP properties, such as mass, cross
section, density, etc. Finally, to be really convinced, we will probably have to
produce WIMPs in the laboratory, perhaps with high energy colliders.
10 Paolo Gondolo
References
1. C. L. Bennett et al.: Astrophys. J. Suppl. 148, 1 (2003)
2. M. A. DuVernois et al.: Astrophys. J. 559 296 (2001)
3. S. D. Hunter et al.: Astrophys. J. 481 205 (1997)
4. A. W. Strong, I. V.Moskalenko, O. Reimer: Astrophys. J. 613 962 (2004)
5. E. A. Baltz, J. Edsjo¨, K. Freese, P. Gondolo: Phys. Rev. D65, 063511 (2002)
6. M. Srednicki, S. Theisen, J. Silk, Phys. Rev. Lett. 56, 236 (1986); 56, 1883
(1986); S. Rudaz, Phys. Rev. Lett. 56, 2128 (1986)
7. GLAST Science Brochure (March 2001) [http://glast.gsfc.nasa.gov/science]
8. K. Tsuchiya et al.: Astrophys. J. Lett. 606, 115 (2004)
9. D. Hooper et al: JCAP 09, 002 (2004)
10. See, e.g., F. Aharonian, A. Neronov: astro-ph/0408303 (2004)
11. F. Aharonian et al.: Astron. Astrophys. Lett. 425, 13 (2004)
12. D. Horns: astro-ph/0408192 (2004)
13. J. Hall, E. A. Baltz, P. Gondolo, in preparation.
14. A. K. Drukier, K. Freese, D. N. Spergel: Phys. Rev. D33, 3495 (1986); K.
Freese, J. A. Frieman, A. Gould: Phys. Rev. D37, 3388 (1988)
15. G. Gelmini, P. Gondolo: Phys. Rev. D64, 023504 (2001)
16. R. Bernabei et al.: Riv. Nuovo Cim. 26N1, 1 (2003) [astro-ph/0307403]
17. P. Gondolo: lectures at the NATO Advanced Study Institute “Frontiers of the
Universe”, Cargese, France (2003) [astro-ph/0403064]
18. P. Belli: presented at TAUP 97, LNGS, Italy [published in R. Bernabei et al.,
Nucl. Phys. B (Proc. Suppl.) 70 (1999) 79]; R. Bernabei et al.: Phys. Lett.
B480, 23 (2000)
19. D. S. Akerib et al.: Phys. Rev. Lett. 93, 211301 (2004)
20. C. Savage, P. Gondolo, K. Freese: Phys. Rev. D70, 123513 (2004)
21. D. P. Snowden-Ifft, C. J. Martoff, J. M. Burwell: Phys. Rev.D61, 1 (2000); G. J.
Alner et al.: Nucl. Instrum. Meth. A535, 644 (2004) and references therein.
22. K. Freese, P. Gondolo, H. J. Newberg, M. Lewis: Phys. Rev. Lett. 92, 111301
(2004); K. Freese, P. Gondolo, H. J. Newberg: astro-ph/0309279 (2003)
23. G. Gelmini, P. Gondolo: hep-ph/0405278 (2004)
